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PIE ZOELECTRIO TITSTRUMENTS OT HIGH NATURAL I?REQUENCY\

VIBRATION CHARACTERISTICS ANI) PROTECTION “ :
,.

“AGAINST INTERFERENCE BY MASS FORCIS*

+. By Werner Gohlke

I. SUMMARY

The exploration of the processes accompanying engine
combustion demands quick-responding pressure-recording
instruments, among which the piezoelectric type has found
widespread use because of its especially propitious prop-
erties as vibration-recording instruments for high fre-
quencies. Lacking appropriate test methods, the poten-
tial errors of piezoelectric recorders in dynamic meas-
urements could only be estimated up to now.

In the pres~nt ~eport a test method is described by
means of which the resonance curves of the piezoelectric
pickup can be determined; hence an instrumental appraisal
of the vibration characteristics of piezoelectric re-
corders is obtainable.

II. THE PIEZOELECTRIC EFFECT

,.

The conventional piezo ~nstrutients make use of the
direct piezoelectric effect according to which electric
charges are developed on certain eurfaces of certain
crystals when subjected to strain. The electric charge
is proportional to the force P, that is, the volume af
charge being

~=dp (1)
—.

*llQuarzdruckme ssger~te hoher Eigenfrequenz schwingung-

seigenschaften und Abhilfe gegen die Stbrung durch
Massenkr%ifte. ‘t VDI-Forschungsheft 407, XII Bd.,
March-April 1941, pp. 1-25.
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where d is the piezoelectric modulus expressed in
kilograms. It is dependent upon the type of crystal and
the direction of the force relative to the axes of the
crystal, For pressure measurements auartz crystal is ‘
commonly used because of its mechanical strength and du-
rability. The block or plate is cut from a quartz crystal
as indicated in figure 1 so that the strain along the
x-axis acts on a y, z-surface where “the charge is measured;
x is called the electric, y the neutral, and z the
optical axis. The strain could also be developed along

the y-axis and the charge measured on the y,z-surface,
but this arrangement has found little use so far for pres-
sure measurements. Since quantity d depends on the
direction of cut of the crystal plate, numerical data
must carry d with the appropriate subscripts. In x-
direction the piez~electric modulus of auartz is, in
centimeter-gram-see ond units,

d = dll = 6.36 X 10-B cm%g-% s

in engineering uqits of measurement

d = dll = ,2.08 X 10 ‘~lC/kg

or

d = dll = 2.12 x 10-10 cl?l/v

The charge developed on the surface at right angles to the
electric axis charges the capacity associated with these
surfaces to a correspondent voltage, which is then meas-
ured with a suitable instrument. -

Although the piezoelectric effect has been known
since the last century, its use for pressure recording
had never been seriously attempted before 1930.

III., APPRAISAL Cl’ PISYORIIAiTCE OF A PIEZOELECTRIC TEST SETUP

A piezoelectric setup for recording alternating pres-
sures ordinarily couprises

-i

(1) Piezoelectric pickup’

(2) Amplifier

.
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(3) Indicating instrument .

(4) “Interconnecting lines -

(5) Power supply

All these arrangements can influence the reproduction
of the test quantity especially at high frequencies, hence
have a.frequency relationship if incorrectly designed.
The present report deals mainly with the vibration char-
acteristics of the pressure pickup and secondarily with
the other parts. With this in mind we begin with items 2
to 5 regarding their effects on the reproduction of the
true pressure variation at high freauencie~, whereby it
is recommended to proceed from the reading instrument and
work back toward the piezoelectric pickup.

1. Reading Instruments

These instruments are eitfier loop oscillographs or
cathode-ray oscillographs. .

Loop oScillographs.- The rpad.ing element is a loop
rotatably mounted in a ma<net field. In static measure-
ments its deflections are largely p~dportional to the in-
tensity of the current passlnq’-thro-~gh the loop. The nat-

ural frequency of the loops is gov-erned by the mass and
the resetting force as well as by the damping of the sys-
tem afforded by the oil-filled loop housing. Since this

natural frequency ordinarily cannot be changed except. by
special auxiliary means; it is necessary to fall back on
the loops with defined vibration characteristics as sup-
plied by the manufacturer. The only loop type~ of high
natural freauency suitable for rapid pressure variations
unfortunately require a comparatively high current , that
is, they are fairly insensitive because of the great re-
setting forces necessary for high natural freo”uency.
Table 1 give~ the data of the Siemens-Halske typeq of loop.
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TABLE I.- DATA OF LOOPS IOR SIEMENS& HALSIUl!U3TIW3RSAL OSCILLOGRDH

8
5
4
1
2
7

Maximum cur- Sensitivity
rent strength

(ma) (mm/ma)

1,200 x80

2,000 *80
3,000 z 80
5,500 k 80

10,000 *80

20,000 *15

1.5 45
6 15.5

20 4.2
100 .83
280 .29
250 .057

Type 2 has a susceptibility of O .29 millimeter per milli-

ampere. .4n acceptable diagram height of abo-~t 60 milli-
meters reauires about a ‘?OC-milliamn~re loop curr~nt. The
natural freauency of the unda]:ped loop i~ given at around
10,000 Hz. ‘Damping in’~!~rs it to R1’91i71d4500 HZ. The next
higher freauency is tha+ of t>~’>~7 ~y’ith ~.bout 20,000 Hz.
With a maximum current or ~FO milliamperes its deflection
is only about 14.5 millim.eter~. At this deflection there
is a considerable iv.accl].racy in tb.o hP2vs7 trace matie by
the light beam. Recause of the fli”sram height the 10,000
HZ 100p will be preferable, e=uecially since the produc-
tion of the reouired loop currents with amplifiers itself
becomes inconvenient. The rpcorded frenuency variatian
of this type of loop is shown in figure 2 for three br~nd-
new samples a, b, and c. The error in am-olitude is al-
ready c,>nsiderable at one -third of the natural freouency
and far in excess of the instrumental errors commonly ass-
ociated with static measurements of this kind.

Cathode–ray oscilloFraph~.- Here a differentiati~n

must be made between the so-called electronic-ray oscil-
lograph and the high-capacity oscillograph, On the former,
the trace from the fluorescent screen of the tube is re-
corded on a photographic film hel~t on the outside; on the
latter, the trace from the el~ctronic ray can be recorded
directly on the photot;raphic film located in the evacuated
oscillograph tube. The former is vei-y ap-propriate for
reproducing high frequencies when dealing Ilrithperiodic
processes the traces of which can be recorded over one
another OD the fluorescent screen as often as Aesired.
Both tyges are free from i~ertia for lo~g-period processes
compared to thf electron variation interval between the
deflection plates when high-vacuum tubes are used, as
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y

presumed here. The first type permits recording speeds
i,,., up to 1000 mfters per second. Sp~cial valties with high
d
;.41

1

anode voltages, such as aftsr-accelerate on valves in con-

1
junction with suits’ble optics ar~ practical even at 10

.,

I

kilometers per second. ThP Allgemeine Elektrizit5ts-
Gesellschaft thus Quotes 50 kilometers per” second for its

‘) tube with special optics, the trace on the fluorescent
screen being much reduced. Since the thickness of the.,
trace decreases at the same scale as the picture, it can

~i be subsequently magnified again. On the other hand, the
high anode voltages reauired for greater beam intensity -

~~: cause a greater wear on the fluorescent scre~n of the
tube and hence reduce the life of the tube.j) Although

much higher reccrdimg speeds (up to 104 km/see) have been.

+
reached, the writer has no knowledge of the lifa of the
tubes.

!
i~ For a sinusoid~l process of n complete oscillations,
I that is, to be recorded with a diagram height 2X0 and a1

diagram width b proportional to time, and the frequency

–1 of which is f, the maximum speed of the light spot
-

I

— amounts to

,——~
fbJ’

Vq = fJ’(2nxo) + n,
(

(2)
/

For an electronic ray tube l,~ith a recording speed of 1000
meters per second and a chart size of 50 by 50 s~uare milli-
meters, the precis~ freouency rpcordabl~ at n = 1 i~:

,
f = 6070 Hz

Sinusoidal processes of higher freauency are therefore
impossible to remroduce by such a tube with a 50 milli-
meter diagram height, which is all the more true a~ the
screen is variousl:r illuminated by scattered electron~,I
so that the blackening of the receiving material is not.
solely due to tho recording electronic ray. For rough “
estimates the second tern below the root representing “
the speed of th= focal point in direction of the time

I axis can be discounted, so thatI

I
‘s = Xow

I
I

with @ the natural freauency.

I

- -. .——-—.. ..-
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, Distort i”on~ al>o” occur toward the screen “edges, which
become especially “noticeable on multiple-ray tubes because
of eccen~ric disposition of the different beam systems. In

high vacuum tubes should be operatwd exclu&ivelyaddition., .-
with: @eflect”io”n voltages t~at are symmetric’al’tbthe
ground pbten~.ia’1, otherwise” the r“e~.~-ingerr-ors Yetiome very
great . Fi&ure 3 illustrates’ the distortion of the coordi-

nates of the’ electronic-ray tube of a commercial engine
indicatob:whi-ch, despite the. use of a high-vacuum
electronic-ray tube, operates with unsymr,~trical deflection
voltages., .,

On the hi~h-capacity cathode-ray oscill”ographs with
recording speeds up to 30,000 kilometers p’er”second (o”ne-
tenth of the speed of light) the distortions are ea~ier
to avaid, though it involves considerable outlay. ‘

The cathode-r~y oscillographs operate at voltages of
the order of magnitude of 200 volts, which are easier to

o%tain with amplif.iers”th.an the high-voltage intensities
for 10”oP’oscil.lographs.

As regards the reading instruments, it may be briefly
stated that loop oscillographs afford sufficiently large
diagrams with certain amnli+~de and phas~-error~ at fre-

quencies up to about ‘103-Hz, while electronic-ray tubes
4 Hz with the degree of .ac-also are ~at>sfactory .up to 10

curacy customary for such tubes, although tie, life of the
tubes is comparatively short “(several hun.d”re.dhours.)., For
special short-time processes the high-cap’acity oscillograph
with incorporated recording material is available.

2* Amplif-ier- and Current Supply J

On none of the cited read,ing instruments can the out-
put be ‘controlled by a pressure auartz without amplifica-
tion’ at p-ressures such’ as are, encountered in internal-
combustion e~gines. T~e -Amplifier must first reproduce

processes from O to 10 -,:<z in special cases even higher -
correct in amylitude and phasr, and second, possess an in-
put resistance ~uch as to mrevent the pressure promotional
charges deliv~rfd by th~ piezoplectric pickup from flowing
off.

The first requirement calls for a direct current am-
plifier whioh must indicate no frequency variation up to,
104 Hz (or even higher). “The direct-current amplifier ‘is
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a -resistance amplifier with-the separate stages in mzre
resistance coupling. Omiss$on of the cou-oling condensers
on multistage amplifiers causes diff’lculties in the in~ ‘-
put and inconstancy in the operating voltages+ The fre-
quency variation in a resistance amplifier is due to the
unavoidable valve and control capacities being placed
parallel- to .~he resistances, which lower the fmpedance in
increasingmeqsure with rising freauency. .Since the.am-
plification depends upon the size of the anode resistance,
the anlplification factor drops with rising” frequency. In
conse~_uence the anode resistances are made so small from
the very beginning that ,the harmful capacitances do not .
b~ecome effective except at sufficiently hi~h frequencies.
This in ttirn lowers the amplification ner stage, hence - .
requires more stages.

The second requirement’of high-input resistance can
be met by an electrometer tube, such as the AEG type T 114,
the amplification factor of which i=, at the most, eoual
to 1 for infinitely great. outside resi~tance, but, since
the operation is with low-re~istance values, it is sub- -
stantially less.

Amplifier for 100D oscillo[~raphs.- The 1O,OOO-HZ=_——.———_ ...___
100p deman~s from the amplifier an output control range
of about 200 milliamperes in the last stage. These c.om- “
paratively high-current intensities are usually attempted
with standard broadcasting tubes, especially the triode .
the output of which, with two tubec connect~d in parallel
and suitable outside resistance, can be controlled fairly
linearly up to about 200 amperes. The input voltage
variation of the last stage must then amount to a?)out 30
volts. At 0.5 to 1 volt measuring effect on the piezo-
electric pickup, 30 to 60 time intermediate amplification
would be necessary. Since the input tube, a~ stated,
does not only ammlify but mreaken the measuring effect, a
higher amplification by a voltage ‘amplifier stage between
the input tube and the last stage is necessary. The re-
sult is a three-stage direct-current amplifier. But such
an apparatus can hardly”be fed from an e,p~aratus connected
to the rectifier power supply becauce of the requirement
of maximum-voltage constancy and the fact that equipment
working from the rectifier power supply with or without
stabilization possesses considerable internal resistances
which are not constent in the desired frenuency range and
far from negligible even at low plate resistances. This
applies particularly to the last stage which has-a par-
ticularly low anode resistance or else none at all.

,--- -. ,,,,,-,,- ,.. ,,, , .
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Acceptable measurements must -therefore he.made with plate

batteries which, in conjunction with 100p -types of high. .

natural oscillation freauency, must supply 200 to 300 .-
milliamperes for longer periods with sufficient constancy
at a voltage of around 300 volts,

Amplifi~r for cathode-ray oscillographs.- Here the

amplification conditions are more favorable. To obtain a
200-volt deflection voltage reoui.res about 200 to 400
time amplification. Here al~o three stages are necessary
in many cases if a clea,r reproduction at high frequencies
is appreciated. Since the last stage, then, ~has to supnly
high voltage rather than high current intensity, the plate
resistances are permitted to be so high that the freauency
dependence of the internal re~i~tance from power ~upplies
which usually are stabilized can be disreg~rcled. However,
in view of the freauency variation, the plate re~i~tance
of the last stage ~ust not exceed a certain value, because

parallel to it are located the c~pacitance of the deflec-
tion plates as well as of the interconnecting lines be-
tween amplifier and cathcde-ray tube, Inasmuch as only
high–vacuum cathode-ray tube~ ~re to be used, the output
of this amplifier must be fitt-d with a counterbalanced or
push-pull control capable of su~plying the voltage sym-
metrical to the ground even by dir~ct-current amplifica-
tion. The amplification difficulties are correspondingly
greater if frequencies higher than 104 Hz are to be cor-
rectly reproduced.

To sum up: given ample tubes snd current SUDDly,..
amplifiers suita%le for operating loop or cathode-ray
oscillographs are obtainable,

7t-. Pressure Pickup Input

The weakest spot of the piezcelectric test method is
that theoretically ohar~es must be measured. For this

reason the afore-mentioned highly in~ulated input electro-
meter tube and the perfect insulation of all areas of the
line between pickup and magnifier are dictated. Vibra-
tions such as those caused by a running motor are not per-
mitted to produce test errors. This is es~ential especial-
ly in low-pressure mcasurern~nts, “oecau~e th~ capacitance on
the input grid must b( small in order to achiev? suffi-
ciently high voltages. The vibrations cause, apart from
capacity chan~es, much more seriously disturbing char~~s
due to frictional electricity, However, special cables
are now commercially available by means of which these two
sources of error oan be largely avoided,
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These sources of error on reading instruments, ampli-
fiers, current supply and lines+ while known in general
outline, ark usually not sufficiently appreciated on com-
mercial eouipment , as indicated in figure 4.

\
4. i?i&zoelectric pickup

Very little attention has %een paid, heretofore, to
the vibration characteristics of the piezoelectric pickup
itself. The reason lies in the lack of suitable investi-
gating methods.

T“o be able to use the quartz crystal for gas pres-
sure measurements , it must be provided with a frame or
casing fitted for the purpose in hand. Ii’orthe record-
ing of combustion pressures in engines, standardized
casing forms have been developed to some extent, since
the pressure measurement has to be made on the spark-plug
hole of the engine cylinder, The gas prescure, however,
is transmitted by va,rious means to the quartz, whereby
the following facts must be borne in mind:

(1) The o.uartz must be protected from the hot com-
bustion gases, since its properties are to a certain ex-
tent dependent ‘on the temperature.

——. _____

(2) The ‘transmission links should be of mihimum
weight and act like very stiff springs of linear charac-
teristics in order to assure a straight characteristic’,/
and high natural fre~uency from the test arrapge,~e_nQ.ti’

(3) The transrnissi_cn links should maintain their
characteristics even during prolonged operation and not
be susceptible to temperature fluctuations.

(4) The reading should be independent of the type of
restraint on the pressure pickup %y the engine.

(5) Vibrations should not affbct, t,he test result.

The conventional types of piezoelectric pickup rep-
resent a compromise-between partially contradictory re-
quirements. In general, the quartz,plates are disposed
some distanoe from the combustion chamber so that the
gas passage or a piston “can be used as pressure trans-
mission medium, A gas passage has the -particular draw-
baok to the extent that for a sufficiently steep impulse
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it give; rise to natural oscill~t ions which fal~ify the
results, In some design-types, ‘such as those indicated
in figure 5’, the gas pa’ssage is therefore divided in
several narrow channels for damping the natural oscilla-
tions of the passa?e, But this results in a Helmholtz
resonator of comparatively low natural frequency, It
amounts to

. . .

,.

for the pulsation at appro~inat~l)~ consta~t air density.
..

Here . - ~ ,

.,
F -s- ection of the channels
-i

.2 ‘- channel length

v vclurne of: resonator space

c ‘=.360 meters per second, the velocity of sound at 20° C
..... .,,- k.

For the reiproduc~d typ$.i-t ~ap-~roximatec to: ..

F =.7 X :0,049 .saua~? cen$imet=r. = .0+34 s..quare centimeter
.!

,..

V . = 0,8 cubic .ce~~timeter “-. .

L “=
,.,

1,7 centimeters

whence

@o = 16,500 seconds-l

f. = 2630 Hz

far air in ncrmnl state. .41terna,ting pr~ssures of fre-
quencies of th.i~ orfler of mn-:nitude will no longer be

able to re,ne~ correctly on the Quartz plates of the pickup.
,.

The first natural osoillaticn of the pickup +eter–
mined by the transmission channel i’t.self is .iocated at
2630 Hz, and hence limits.the. practicability of the pick-
up for hi~her frequencies.

. .
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Filling the passage with” a. piston or plunger; which”
for reasons of weight-saving was manufactured as a-hollOw
body, makes the mass before the qtiartz plates comparatively
great, hence lowers the natural frequency,

. ... .:.
Placing the duartz” itself in the’ threaded hole is

more beneficial but, since the spark-plug thread-usually
runs to 14 by 1,25 millimeters, the o-uartz plates and the
pressure surface of the pickup become very small, hence
its sensitivity will be less also, In addition, it is
difficult to install a practical water-cooling system,

In order .t.o keep the elastic travel of the Quartz
column with the correlated intermediate pfeces and other
transmission links small and secure straight spring char-
acteristics, all contact surfaces must be carefully fit-
ted. To achieve a perfect contact of these surfaces, a
certain amount of pre-tension is required even with the
best polish.. The pre-tension is furnished by a flat
spring or spring bushing. The advantages of the latter
were proved by Meurer in static tests, so that in most
cases the use of flat springs has now been abandoned.
The piezoelectric pickup described by Meurer is shown
somewhat modified in figure 6,

As late as 1938 ~ the literature ascribed natura,l fre-
quencies of about 10 Hz to the then-known pressure pick-
ups, But gradually more caution was used in the treat-
ment of natural oscillation, There also has been lack
of attempts to determine the natural oscillations of
piezoelectric pickups by excitation, which can succeed
only under certain conditions, which usually were not
correctly known and therefore coula not be kept. We find
statements such as “the natural oscillation of the employed
piezoelectric pickup Was loca,ted sc high that it could not
be excited even with a hammer, ” As may be shown, natural
oscillations can only be sufficiently excited by strict
observance of a certain mass ratio between excited and
exciting mass. Moreover, it remains with the afore-
mentioned characteristics of the remaining test arrange-
ment whether the comparatively high natural oscillation
freauency, even when it has been started, can be amplified
and traced. The intensity of the excitation of natural
Oscillations is governed by the oscillation energy IIg
transmitted by impact excitation on to the system to be
excited. Under simplifying assumptions it can be computed
that the ratio ml/m2 of exciting to excited mass of the
oscillator defines the oscillation energy transmitted to ~.
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the osciliati-ng sys”t’ern,
.,

as figure 7 indicates, It is
‘found that small masses are %~neficial ~or the impact ex-
citation, which’ does not occur when a hammer is used.
But to attempt -to’ascertain the resonance curve and hence
the fre~uency variation of the press-ure pickup from the
complex free oscillation curve, as exemplified in figure
8, is very difficult, since it is, in general, a system
of many degrees of freedom with a great many natural fre-
quencies,

It is generally conceded that the resonance curve de-
fines the frequency limits within which the test instru-

ment can le used with satisfactory accuracy, T?.e knowl-
edge of the vibration characteristics is therefore of de-
cisive importance for the use of the t~~t v,ethod. Ac-

cordingly the aim of the sllksequent stl]dy will b~ to de-
note the vibration characteristics of yieyo~lectric pick-
ups by their resonance curves and to deduce therefrom the
rules for the design of piezoelectric pickups.

A’method of producin< alternating pre’esures of trace-
able cbnstant amplitude ‘(qeveral atm, lay) anri any fre- .
que-ncy of the order of magni~ude of 10 H~ is unknown. .
The direct determination of the re~onance curves of piezo-
electric pickups from the alternating stresses on the
quartz under the effect of alternating pressures of con-.
stant ampl-itude and variable freauency was impossible,
An attempt ~~ra~therefore made to use the body acoustics to
define the frequency vnriation; but it is difficult to
produce bo~y acoustics of sufficiently great intensity at
high frequencies. ~e~ide~, coupling phenomena between
transmitter, transmission IinkC, find pres~ure pickup vi-
tiate the res~lts. The electric excitation of the quartz
plates by means of t’ne reciproc.~1 piezoelectric effect
offored a way out’.

1, The Reciprocal ~iezoelectric Effect

If a piezoelectric crystal is subjected to an ’electric
field that produce~ the stress U on the corresponding
crystal surface~~ th~ crystal deforms, If the field has
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the direction of the x-axis (electric axis) the strain in
the direction of the x-axis independent of the size of the
quartz plate is

. .

u = dll U (4)

(For quartz it is dll = 2.12 X 10–=”0 “cm/volt.)

At the same time, the crystal i,s strai.ned,in the di-
rection of the y-axis by an amount

(5)

where Fx is the quartz surface orientated at right
angles to the x-axis, ‘Y at right angles to the y-axis.

A clear explanation of the piezoelectric effects has been
given by Meissner. The previously electrically neutral
crystal cell is polarized by elastic crushing of the crys-
tal lattice. Inversely, an electric field in a piezo-
electric crystal not only displaces the building stones
of the lattice but also changes its dimensions. The
strain of the crystal does not increase exactly linear
with the applied stress. But , since departure from lin-
earity is not appreci-&ble except a,t much higher exciting
volta~es than employed here, this can be completely dis-
regarded in th~ present instance.

2. Theoretical Considerations

The theoretical yrinc”iples of the test method are ex-
emplified on the piezoele’ctric pickup, sketched in figure

elasticity of the casing mass of the pickup rela-
tive to a mass of assumedly infinite size
(k~/cm)

damping of system (ml~cl), (kg s/cm) -

mass of pressure pickup casing (kg s2/cm)

elasticity of Quartz column and of pre-tension
dc~ice, as of the spring bushing (kg/cm) ‘
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I&””,- damping of system (ma, ca)

ma mass disposed before quartz, as of pressure trans-
mitting piston

M~i mass ratio !!2
..-..1 ml

f

OJ

fl

f~

frequenciy- of exciter forces (Hz’)

pulsation of exciter forces (;:1)

X1,X2 deflec!tiotis Of mass ml and
(cm)

mz, positive down-
ward.

I?. amplitude of force (:<~‘j

Under normal use of the pres~ure pickl~p as pressure
instrument , the forces act~.ng On the lowest surface,
that is, on-mbss ’ mz, are tne constant force of the pre-
tension end the alternating force P. sir. W t. The read-
ing consists of the length change X2 - xl of the quartz
column c~. The electric excitation of the quartz pro-
duces between ml and ma an al’ternatipg force which
periodically lengthens and shortens spring Cz. Now the
r~sonance curve” of the pickup traversed by the charge
amplitude on th”e auartz surfs’ces under variabl~ freauency
of the alternating gas pressure can be put equal under
certain assumptions to that cover~d by the amplitude Xa
of the bottom motion of th~ pickup by ~lectric excitation
of the quart~e~.

Assuming damping proportion~l to speed while dis-
counting gravity, the admission of mass ma with al-
ternating gas pressure follows the law

dz%l
‘xl +c2(xz-

/&xl
+clxl+kl —

(

~,
ml — X2) +ka —-

dt2.
=0

dt , dt .dt)
(5)
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dexa “

‘2 w
+ C2 (X2 A XI) + k2

(%-5) =-’0s’.”’

15

(7)

The transitory prbcess is not taken into account since
the transitory state defines the resonande curve. The

damping forces are neglected for simplification. Then

we can write:

- mlW2xl + clxl +. c~ (xl - X2) = o (8)

2
- m2L0 x2 + c2 (Xa -xl) = - P. (9)

The deflection Xl/PO referred to unit force is

xl C2
.—

~=- @2(m1m2 W2- c2ml - c1m2 - czma) + c1c2

and

X2 1

(

C2X1
—=

)
l--

I’. m2 w::- c+ ~o

(lo)

(11)

By electric excitation of the quartz plates it gives:

(- m1w2x1+ Clxl + jWklxl+ C2 xl - Xa)+ jWk2(xl - X2)=P0 (13)

m2@2x2+c2(x2 -xl) +j@k2(x: -xl)=- P. (14)

whence

xl - m2(,L)2[Q)2(rn1m2&)2- A)+ Clcz]+ jw3m2C-~l~2B+D]”
—. —

Po [W2(mlm20.}2 - A) + CIC2]2 + W2[-W2 B + D~’

where i ,?.

(15)

I

-——..---— .. ._.--—
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A = mica + m2c1 +. m2c2 + kl’ka (kgasa /cm2 )

3 = m1k2 + makl + m~ka (kg2s3/cm2)

D =’klc”2 + kacl (kg’ s/cm2)

The deflection of the bottom surface determined. by the
test method is

whence, neglecting the dam.pin~ for~es again ,

(17)

ag obkaifie~ f.Or. (.X2-or the same expression xl)/Po by

admission of rLass m2 with alternating-g as pressure.
Hence t-he desired reson?nce curve can be obtained by

electrical excitation of the auartz plates and subsequent
measuretier-t of X2. This holt~ true under the assur,ption

of small damping forces.

The resonance points for (X2 - xl)/Po follow from

the relation

f~ - fz[(l + LL21)f22 + fl~] -7-f12f22 = o (18)

after eo.uating the denominator in the brackets of eaua-
tion (12)to zer~.

Then

.—————

. . .-

For purposes of illustration figure 10 gives several res-
onance curves computed according ta eouation (12), the
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requiz’ed aonsiants of the “oscillation equation being as-
sumed. The gi?aph b.rings. owt the effect of the distortion
term contained in the bracketed term of equation (12).
?J’orthe small mass ratio V’21 = S3.01 of case b the res-
onance curve of the coupled system is practically in
agreement with that of the simple system (ma,cz), except
for the very narrow frequency range in vicinity of 500 Hz;
where it is changed by the resonance of the system (ml,cl).
But for mass ratio Val = 0.25 of case a the conditions
are otherwise.

It may therefore he assumed that for small mass
..

ratios the distortion will be very low even for compara-
tively little damping, This was, in fact, borne Out in
the subsequent studies (fig. 38). It proves the advantage
of a small mass ratio which is best secured by a reduc-
tion of the mass m2 placed before the quartz plates.

3. Measurements with Sound Pressure Meter

The excitation of piezoelectric pickups with electric “
alternating voltage had been attempted elsewhere without
success. In particular, there was a lack of test methods
for proving the resonance areas, In the present instance,
we succeeded in getting an audibl~ tone by exciting a
piezoelectric pickup with alternating voltage of audio-
frequency, Although very weak, it could still be measured
with a Siemens-Halske sound pressur~ meter. With appro-
priate test equipment distinct resonance points were
traceable which permitted a record - even if not very
plain - of the resonance curve.

With this in view the te~ts, illustrated in figure
11, were undertaken. The quartz plates a of the piezo-
electric pickup D are excited by buzzer S by progressive-
ly varying the frea-uency f but keeping the voltage con-
stant, causing the pickup to forced oscillations in x-
direction. The sound pressure p produced hereby charges
the condenser microphone KM of the sound pressure meter
SM. Because of the lcw sound intensity the distance be-
tween D and K~i had to be kept small - between 5.6
and- 40 centimeters.

The experimental chamber had normal room walls and
were not free from reflection. Resonance curves recorded
by this method on the pi-ckup of figure 12 are shown in
figures 13 and 14. In figure 13 the” pickup was mounted
on a soft base facing the condenser microphone. It af-
forded only two distinct resonance areas,
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.. .
To simulate the actual conditions on”an engine the

pickup-of. figure 14 was sorewed into a 133- by 175- by
20-cubic millimeter steel plate. Then the total assembly
was placed in a bax padded with glass wadding in order to
minimize the ‘reflection capacity of the walls. The radia–
tion is considerably increased by the steel plate so that
even smaller departures from the initial deflection could
be detected. The first resonance peak, very little
damped , occurs at 3150 Hz. Further, more”vigorously
damped peaks follow in direction of rising frea.uency, the
position of which varies, however, with the distance be-
tween pickup and receiver, Here the length of the air
column between pickup and microphone seens to be of some
influence. The next resonance peak, which is high, weakly
damped and independent of the distance x between pickup
and microphone, occurs at about 11,500 Hz. It is situated
at approximately the same place as before in figure 13.
The resonance points of the pickup could be accurately
enough ascertained by varying the screwed-on mass and the
distance, but as the use of condenser microphones stops
at about 10,000 Hz, the higher frequencies.. obtained in-
volved either the design of. a. new microphone or else a
modification of the method. In. the first ~nstance, the
interference- tendency of acoustic measurements would re-
main.

4’. Improved Method ‘.-” ...

The oscillation amplitude of the pickup %ott-om $s:
outside of the resonance of t,he order of magnitude. of

106 millimeters = 10 A. It is smaller by about 3- powers
‘of tens than the wave length of visible light so ,that
-stroboscopic interference methods wit-h visi,ble light, for
instance, would no longer .suff.ice far the measurements,
In consequence we re.t.ained the principle- of the test meth-
od while rnodifyi,ng the, +-est element.

Calculation of measuring effect .- In the new version

indicated in figure 15, the bottom surface b of the
pickup faces a flat electrode a at distance d so that
both surfaces form the poles or sides of a condenser C.
This condenser is charged across the resistance Rbya
battery with ”vo’ltage E. Moving the- bottom surface by
Ax in direction x varies the capacitance C. ‘i!he

variation in charge produced hereby induces a current
through resistance R which causes a voltage drop at R.
In this .mannera periodic distance variation produces a

periodic alternating voltage on R which is fed intO the
grid of an amplifier tube.
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For the calculation the capacitance variation is as-
sumed to follow the law . .

c =Co+Clsinwt

whence, according to figure 16

E
1

-i?l=fi
I

i dt

and

(E - iR) (Co+ Cl sinwt) =
J

i dt

Differentiation vith reqpect to t affords

(CO+CI sincot) R% +(l+RwC1cos wt)i–~Cl coswt = O

With the Fourier series

i=

for i

and

12

11 sin (wt+ ml)+ 12 sin (2ut+ ’V,)+ . . ,

as function of t, the coefficients are:

(c,’: ER

For small values of cl./co all terms other than

(20)

(21)

(22)

(23)

(24)

(25)

(26)

the first can be ignored. Then th~ alternating voltage
on R is

I
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‘u =

‘“= $ –F~~ ‘in “

and its effective value

u
co

(27)

(28)

This voltage is independent of the fre~.uency @ for
great Q) and approaches the consta,nt limiti-ng value

E c1
——
fico”

Thus by keeping

R>W~ (29)

U becomes practically independent of the frequency. In
that event, the time constant of the circuit (R,C) is
great compared to the period of motion, and the test cir-
cuit of figure ,16 acts like the replacement circuit (fig.

17a}.

With j =fi, we therefore get

g

II1 . IL=—=
E 1’— —.

1 + juRCo
~ JTR~

and the effective value

(30)

But the capacity Coi of the control arrangement and of

the tube which contributes nothing toward the measuring
effect is still paralle~ to R, hence
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. .
..-

U=

according to the substitute (fig. 17b)

cl’
For

Ax ‘
it then becomes

~=T

1——‘=%: co’()l+x—
0

(81)

(32)

Design of the measuring setup.- The valuation of the

design of the measuring setup is to be based on a suita-
ble quartz pickup in which the elasticity of the pre-
tc+nsion device is mild in contrast with the ela~ticity of
a quartz column consisting of two quartzes. Subjecting
such a column to a voltage of about 200 volts causes it
to change its length by

Ax = 2dll U

= 2 x 2.12 x 10-10 cm/V X 200 V = 0.848 X 10-6 mm

This length change is independent of the column dimen-
sions. “Selecting the electrodes as circular disks with
a diameter of ‘7.6 millimeters and a distance of 0.003
centimeters wel,get : ,,

..
,,, 1 0.069 ,~~.O.453 cm2” “ t

,.
. ‘. cl?

co = — =“’.
,dc’ 0.003 cm r

I= 13.4 pF ,

,.

At a cond.e’n”s~rvoltage of 300 volts and an estimated con-
trol and valve capac~tance

..—
U=: Y1+lCO’

.

of’ co’ z 20 p?? we get

= 2.25 X 10 ‘3 ‘eff.
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In order to obtain a reading apjr-oximately independent
of the frequency at above 1000 Hz it is necessary that

R~
1

= 4.77 Mf’1
U)(CO + cot)

We decided on R = 10 MS2, with”a grid resistance of 20 MCI
across a coupling condenser of 1000 pl? connected in par;

allel, thus making the effective resistance about 6.7 M~,

Counting with a 100-fold excess departure in the
case of resonance leaves a voltage of 0,23 volt- for the
input grid of the amplitude recorder, Since this excess
at resonance was not known for the time being, a measuring
range from 1:1OOO was provided. The absolute amount of
input voltage increases with the condenser direct voltage,
the upper limit of which is determined by the flash-over
voltage. The,input voltage is further amplifi~d and rec-
tified in the vacuum tube amplifier (fig, 18) so that the
plate current of the output tube is an indication of the
input alternating-current voltage, l?or accurate covers e

$
of the 1:1000 range with the reading instrument, the am-
plifier is fitted with variable w tubes and automatic
control,

The input stage has a T 113 electrometer tube suit-
akle for high grid resistance, The plate resistance of
all stages is 20,000~ in view of the amplification of
the frequency band from 103 to 105 Hz, affording a suf-
ficiently small amplification drop’up to frequencies of
105 Hz. The grid of the second stage (AF3) is affected
by the regulating voltage of a duediode AB2 which, at the
same time, takes care of the detection of the amplified
measuring voltage, The direct voltage occurring on the
second plate or load resistor of the duodiode is once
more amplified by a direct current amplifier stage after
being filtered ky a R,C me-mler and the plate current of
the last stage measured with”a 10Q (Siemens-Halske)
instrument.

“In”this test method the pickup itself forms one
electrode “of the condenser microphone, thus removing the
disturbing frequency limitation of the test range to
104 Hz and the disagreeable effect of the air path between
pickup and microphone.

—. . .. .,,,. ,,,....,, , ,,.-,..-.,-,- , , ,,, .-, ,-,,,—. .. . ,, ,,, ...., , ,,,,,,,,,.,, ,
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Provisions had been made td keep the electrodes a
and b (fig. 15) under vacuum so as to raise the suscep-
tibility of the test setup by a maximum condenser direct,-
current voltage. But it was found that the measuring ef-
fect below the minimum voltage of J?aschents law (air about
330 volts) was amply sufficient. Thus the disagreeable
vacuum was avOided. The pickup wa~ arranged upright.
The electrode a forms the front of an elongated cylinder,
which made it possible to ’bring it near to the bottom sur-
faces of pressure pickups having a gas passage as pressure
transmission link. This cylinder is mounted in the center
of a heavy steel plate (fig, 19) originally intended as a
pump plate for a vacuum bell and keeps vibrations away
from the electrode. Then the entire unit was mounted on
a shock-proof table, thus assuming good body acoustic
isolation. The steel plate rests on a U-iron frame, be-
low which the amplitude recording instrument is arranged
so that it can be conn~cted to the measuring finger by
means of a low capacity plug connection, with the result
that the additional control capacity lowering the meas-
uring effect, can be kept small. The pickup together
with the bottom surface is advanced toward the measuring
finger by means of a support with vertical micrometer ad-
justment , the driving spindle of which permits a reading
to about a l/100-millimeter setting. The support is
mounted on an upright steel plate held by an angle-iron
frame. The pickup can be mounted into the support by
itself or in conjunction with a large mass, Since the
movement of the masses through the spindle of the support
did not appear to be satisfactory, the arrangement indi-
cated in figure 20 was resorted to, The w,eight is divided
over the three spindles of the locking ring. This assures
correct adjustment of the capacity Co even with large
masses. Coupling between test specimen and vibration
susceptible parts of the setup are ‘avoided. by imbedding
the test specimen- in soft rubber. In spite of the meas-
ures to guard against body acoustics, the setup was sus-
ceptible to atmospheric sounds so that the measurements
had to be made at s~ecial hours of the day.

The current source for the variable freouency was a
home-made beat buzzer with a fre~uency Up to 12 kHz,
which was subsequently replaced by a Siemens-Halske prod-
uct having a 100 Hz to 100 kHz frequency range. The fre-.
quency uncertainty after calibration amounts to 0.005 f+
25 Hz. However, since this buzzer supp}ie$l voltages of
only about 20 volts, it had to be raised to aboyt 150
volts %y a plate fed last stage. The complete setup is
shown in figure 21.
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,. v. MXASVREMINTS

The measurements were made with
in view:

Noi .1040

. . .

the following ends

(1) The piezoelectric pickups were .to be explored in
the ran”ge between 1 and 100 kHz. .,

(2) For the recording of the resonance curv.es( only
relative values of the ordinates are required.

(3) The reading of the amplitude recorder in the
neighborhood Of 1 kHz is very little dependent upon the
frequency and the amount of capacity Co. The latter is

to be kept as constant as passi%le.

(4)” Because of the automatic control of the variable
W tubes, the reading is a~proxiinately logarithmic rather
than linear.

““ (5] The amplitude recorder canbe calibrated with
the hook-up shown in figure 17b; it affords a voltage
which at frequency f produces a deflection Am ef the
reading instrument ahd serves as a relative indication
of the motion amplitude of the pickup bottom.

1. Freauency Variation and Calibration

Curvesof Amplitude Recorder

Following a number of preliminary tests for perfect-
ing, the equipment, the frequency variation of the ampli-
tude recorder, shown in figure 23, was determined on the
hook-up indicated in figure 22. It is a trifle higher
at higher amplitudes tlhan at lower amplitudes. This is

due to the fact that, because of the automatio control of
the instrument, the operating point of’ the variable w
tube shifts at higher amplitudes toward the lower, more
curved part of the tube characteristics so that the
higher harmonic volume increases becatise of greater dis-
tortion. But the higher harmonics are not evenly ampli-
fied so that the amplitudd is weakened,

The f~indinge for tlired frequencies are shown in fig-
ure 24. These curves- aie v-a~ad far a definite capacity
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co ;Only. ~Co-n”sequ”ent~y ~the ‘dd?rre~t.. . C~ .:kiqd‘to’be. :estab -

lished ever-y time’ during ”’”~hepree’tiure “pickufi “invest iga -
ti on-s. ‘It was” aceom@lished Iiy-adju<trnent ‘of a co-rresp6nd -
ing distance Of ‘the bottom s’urface’ of @ickup b and the
opposite electrode a, as the int~rnal ‘capacity of the
amplitude “recorde~ remains “the s“ame. “

.. .
.,

. .

2. Stu”dy” of Piezoelec”tr”iC -P~ckup “

of Various Types and Sources
,..

‘ The study included the following t-y-pes:
.

{1) piezoelectric pickup, manufacture A (fig.. 12)
. .

~2) ~iezoelectric ”pickup, manufacture B ,

(3) Piezoelectric pickup, Meurer type (fig. 6)

(4) pi~zoelectric pickup wi~h prest~essed flat
sp~ing (fig. 26)

(5) Sp~;;~~ gd~ign with welded-spring bushing

(6) Special de~ign with th::~ded spring bushing and
with gas seal (fig.

(’7) Same a.s 6, ready to operate, with gas s~al

(8) Spring bushing as in 5 and 6’ (fig. 29)

Some of the pickups were tested wit-h and without a
threaded mass” sub~tituting for the engine casing,mass.
Since the resonance curves below”1000 Hz were not- deter-
mined, the su,b,s.equent cur”ves c-arry the ratio X/Xa as

ordinate, K .‘denoting the deflection of the pickup b~t-
tom at frequency f and xa the deflection at the be-
ginning of the.resonance curve, usually at 2000 Hz.. .

. . .. . . . . . .

In- .o:r,der-to. .emphasi.z-e the. resonance curves only the
“measured points shown as small ,ring:s are given, in figure
31. The test points are just as close in all curves.
‘The resonance curves- were slowly and evenly covered so as
to definitely secure all maximum and minimum values with
closely spaced test points. “ Duplications “of the measure-
ments with the same setup showed complete agreement of
the curves.
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- Pi”ezoelectric pickup-, design A (wt. 161.8 grams; fig.

12; resonance curv~’, f-ig, 30).- This pickup is character- :
i-zeal%y the’mec’hanical prestress of the g.uartz column -
accruing from a comparatively” heavy flat ‘spring made of ~
one piece with” the lower part of the casing. This makes
the pre-tension dependent upon the-temperature of the flat
spring and the tightening of the threaded connection due
to the threads of the pickup in the spark-plug hole. The
pressure transmission link is a viston, No water cooling
was provided.

‘.” .

Curve a, piezoelectric pickup without mass: The
first minor departure from th”e initial deflection occurs
at 3750 Hz, followed by another at 4750 Hz, There are
two fairly undamped maximum values at 8950 and 9500 Hz,
which should be regarded as natural frequencies. The
maximum at 9500 Hz,might be attrihuta%le to the mass of
the pressure transmission piston, elastically supported
on the quartz column and the elements in between.

Curve b, piezoelectric pickup with mass: -On loading
the pickup with a mass (fig. 20) of about 3.6=kilogram
weight* the maximum values shift considerably and new
maximum values occur. Herewith the practicability of the
pickup is restricted to the range up’todtmut ~000 Hz. In-
cidentally it is pointed out that the position of the
maximum values can.be varied only through the varyingly
severe tightening of the pressure pickup while attaching
or removing the mass in the different test series, This
is especially true -on this pickup design,because the pre-
tension of the quartz column is produced by a flat spring
which is machined from one piece with -the Oasi.ng..- .

Piezoelectric ~ickup. design B (wtr “183.9 grams;
resonance curve, ftg*32).- The quartz column of the piezo-
electric pickup comprises eight nuartz plates which re-.
ceive their mechanical initial st”ress largely from a flat
spring, which, however, is nqt solidly built in on the
edge, but whose edge rests only on one side while the
center of the opposite side presses against the quartz
column, ‘The link transmittirig the pressure is an elon-
gated piston secured by a thin diaphragm which presses it
against the flat spring and seals the pickup agai,nst gas,
%!here is nc water Cc?oling,

*Hereinafter the weight iS a~ways to be construed as the
weight of the loading masses. . .
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Pickup with mass of about 3,6 kilograms: The first
minor departure from the ini_tial deflection showed at
‘abo”ut-5”500 Hz, ‘“the first major departure at 8200 Hz. The
naturai frequencies are iocat~d at about 16,600 and 18,000
Hz. It is practical for recording vibrations u-p to about
5000 Hz. The maximum values are damped very little.

..

Piezoelectric ~ickup according ”toMeurer {wt. 268.O
grams ; fig. 6; resonance curves, fig. 33).- This pickup
has water .cool$ng. .The mechanical prestressing of the.
quartz column is effected by spring bushi~g, . Jts short-
comi-ng lies in the gas passage as pressure
link.

. transmission

Pressure pickup with mass of about 3.6 kilograms:
The first departure from the initial deflection occurs in
curve a at 6500 Hz. The maximum values are situated at .
23,600 and 24,400 Hz. Since the departures at 11,900 and
12,300 Hz appeared to be due to hi~ker harmonic waves of
the exciting voltage, a second test series (curve) was
carried out with the mass before the quartz plates in-
creased by a threaded additional mass. This shifted the
maximum values from 23,600 and 24,400 tO 15,050 and 16,300
Hz, but the departures at 12, 000 Hz and that at 6500 HZ
remained at the old place, which did not support the pre-
vious suspicion, and at, the sar.e time proved that the max-
imum values at 23,600 and 24,400 Hz are actually attribut-
able to the oscillation of the mass before the fluartz.
This pickup WOUI.d be practical Up to about 6000 HZ if the
pressure transmitting passage did not already cau~e diffic-
ulties at low frequencies.

piezoelectric pickup with pre-tension flat spring

(wt. 245.3 grams; fig. 26; resonance curve, fig. 34).-
This pickup also has a water-cooling system consisting
essentially of an annular channel in th~ bottom of the
casing, !l?hemechanical pre-t,ension of the O.uartz column
‘is’accomplished by a flat spring” of about 100 kilograms.

.-
pressire pickup with mass of about 3.6 kilograms:

The first departure from the initial d,efl~ction occur,s ,at
3050 Hz, the max-imum resonance values at 625C and 8750 Hz.
This pickup can therefore be used for recording vibrations
Up to about 2000 Hz. Since-,this, like the pickup of de-
sign A“, shows ‘maximum resonance values at very low fre-’
quencies , it is ooncluded that such pi”ckups with pre-
tension flat springs are not suitable for high-frea_uencY.
measurements. ..
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“Pickup .of special ~design with welded ‘spring bushing

hut without gas sealing membrane (wt. 66,5 grams; fig, 27;

resonance curves,. fig. 3’5).- ~he outstanding feature of
this Qesig.nis its small bulk , -notwithstanding its satis-
factory water cooling. The plug is spot-welded into the
spring””bushing which furnishes the mechanical pre-tension
of the quartz column. The spring extends into the
threaded connection and provides a smooth fit of the
pickup,bottom, hence eliminates separate pressure trans-
mission links. The pin of the middle electrode is posi-
tively connected with the plug pin by means of a very
flexible spiral spring which amply insures mechanical un-
coupling. The gas seal necessary in pressure measurements
was omitted in this te~t.

Pressure pickup with mass of about 3.6 kilograms:
The first departure in curve a occurred at 11,300 HZ and
was trifling. Only one resonance maximum occurred at
44,300 Hz .an~ it was weakly damped. TO denote the effect
of the mass of the plug on which the amplifier cable is
connect-ed, the aluminum-plug bushing was replaced by a
30.7-gram mass of steel. The resonance curve maintains
its character, as ‘indicated by curv’e b.,- -,

The advantag~- of this over t-he f.ir-st four other
pickups is start-l-ing. “It.can be used Up to about 11,000
Hz as oscillation recorder.

Pickup of special design with threaded spring bush-

ing without gas sealing membrane (Wt. 64.2 grams; fig. 28;

resonance curves, figs 36 and 37).- The threaded spring
permits removal of the ~uartz from the hushing for clean-
ing. The gas sealing membrane was not in operation dur-
ing the recording of the resonance curves in order to
preserve comparability with the prelzaiiing curves.

Pic-kup without mass: Thins pickup was first explored
without mass loading (fig 36, curve b). The first de-
parture-from the initial deflection occurred at the very
low frequencies of 1000 to 3000 Hz.. The cause of it was
traced to the connecting rod between central quartz elec-

trode and pin plug which starts oscillations in the pin
and thus causes the departure. After the originally
rigid connection of the central quartz electrode with the
pin plug”had been replaced %y a very flexible, thin
spiral spring, the cause disappeared (fig.. 36, curve a).
However, the next test series with the improved pickup
installation disclosed that the minor departtire occurring
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at about 12,300 HZ had’ shifted toward 10,9OO Hz. This
proves that the location of the resonance .is also depend-
ent upon” the contirigencies of the restraint in the as-
sembly so that pressure pickups of the same de”sign may
manifest somewhat dissimilar resonance curves.

. .

. Piezoelectric pickup with 3.6-and 0.73-kilagram mass.
A change in mass from 3.6 kilograms (fig. 37, curve a )
to 0.73 kilogram (curve b) produced no marked changes in
the lower frequencies, nor could a 30.7-gram increase in
contact mass b.e detected on the resonance curve (curve c).
In contrast to pickup 5 the principal resonance area is
situated at about 40,500 Hz, or 3800 Hz below that of the
welded version. In accord with this the welded connec-
tion is superior to the threaded connection for achieving
higher natural frequencies for ea-ual spring pre-tension.

Pickup of special desigfi with threaded spring bush-
ing, finished with gas sealirlg membrane wt,. 68.5 grams;

fig. 28; resonance curves, fig. 38).- The gas sealing
membrane rea_uired for Gas pressure recording is 0.05
millimeter thick. It is attached on the bottom of the
spr,ing bushing with a screw of neat-resistant steel, which
forms the bottom closure of the pickup. A threaded ring
of the same kind of steel holds the membrane on the cas- .
ing, the gas seal consisting of thin copper gaskets.
The clearance between the screw and the threaded ring is
0.2 millimeter so the forces on the membrane are small
and prolong its life. The bottom of the pressure pickup
is smooth except for the 0.2 millimeter wide and l.2-milli–
m,eter deep ring slit. The cooling of the casing and of
the spring bushing in the threaded connection has proved
satisfactory even by detonatin~ operation.

..,,
Pickup with B.6-kilogram mass: The resonance curve

manifests only minor,variations .. The first departure .
from the initial .deflection OCCUrS at 11,300 Hz, the prin-
cipal resonance at 39,000 Hz. with knowledge of the fre–
quency to be measured, this pickup would insure amplitude
records practically Up to 30,000 Hz with relatively small
errors.

In the tests, so far, the loading mass had been
screwed” to the pickup over an’ iron-asbeetos ring exactly
as for engine operation. .This ring was now replaced by
an aluminum ring (curve b). It resulted in a new depar-
ture at about 4500 Hz, which probably corresponds to, the
oscillation of.the sound concentr~ti,on fo,rmed by pickup
mass, loading mass, and elasticity of screw joint. This
oscillation is not detectable when the iron-asbestos ring
is used.
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A- series of tests was also made on this pickup with
increased mass before the quartz (curve c). The principal
resonance areas were found to have shifted downward.. The
maximum departure occurred at 33,200 Hz. In addition,
new resonance areas occurred. The entire curve becomes
more uneven in the ~OW frequencies. The first minor de-
parture, however, remains at its position of 11,300 Hn.

Springs of the pickup of a special design with welded

or threaded thrust block (fig, 29; resona~e curves, fig.

39).- The two “springs differ only in the closing piece.
While the welded version is simple to manufacture the
threaded bushing requires much more care, especially dur-
ing assembly because of the linear dimensions involved.

In order to prevent corrosion through the cooling
water, the bushings should preferably be of rustproof
steel or else rustproofed. Since the bearing surfaces of
the quartz crystals require a carefully worked and level
Ilase, the lowest electrode is formed by a steel disk
machined on one side which is pressed in the bushing bot-
tom %etween an aluminum gasket which causes the aluminum ,
to spread and fill the space in between, The resonance
curves indicate the superiority of the weld. The welded
version (curve a) with a weight of 9.1 grams as against
15 grams for the threaded (curve b) indicates a very fa-
vorable course of the resonance curve as far as the prin-
cipal resonance area; the sole minor departure occurs at
35,100 Hz. Then there is no more departure up to the
pri-ncipal resonance which is located at 70,000 Hz. It
seems as if the departure at 35,1OO Hz were due to a
higher harmonic of the exciter voltage. There are smaller
maximum values at 73,-000 and 73,500 Hz and ultimately a
slight departure at 77,600 Hz. In contrast hereto, the
threaded version (curve b) manifests the first departure
at 22,000 Hz. The first major departure occurs at 48,400
Hz, the principal resonance at 62,400 Hz, On the whole,
the curve is much more uneven than for the welded version.

VI. I?INDINGS

The resonance curves of the piezoelectric pickups in-
dicate that even the best design type~ explored here man-
ifest departures from the initial value even in the ap-
proximately linear portion, and they are far greater than
the errors involved in static measurements, Hence , static-
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calibrations of piezoelectric recorders maintaining an ac-
curacy of lpercentor better can be fully utilized only
if, in addition to the knowledge of the resonance curve,
the frequency of the vibration under investigation can be
determined. The experiments indicate the superiority of
pickups 5 aad 7 over the others. Conclusions can be
drawn concerning the design of suph pressure pickups and
the frequency ranges .obtainable.

To begin with, the design should. be as simple as pOs-
sible so as to afford oscillation patterns with few degrees
of freedom; the more complicated the design the more de-
grees of freedom must be expected,

The pre-tension by spring bushing iS superior to
that by flat spring.

The mass before the quartz should be as small as pos-
sible, even though the fre~uenc<y scope is not solely gov-
erned by the mass before the quartz, but by much lower
natural frequencies obviously due to th~ oscillations of
the casing or th~ threaded connection. Even SO, the ac-
tion of the masses before and behind the quartz is con-
tributory toward the distortion of th~ re~onance curve of
the system (ma,c~). Admittedly the ratio of the masses
COUld be kept at a minimum by increasing the mass behind
the quartz although mass concentrations behind the q_uartz
conceal the hazard of formation of new configurati~ns sus-
ceptible to oscillation.

Screw connections should be kept at a minimum. The

welded joint seems superior to the threaded joint.

Gas passages with or without damping should be
avoided, since they frequently shift the upper frequency
limit much below that obtainable on the mechanical oscil-
lation system. The amplitudes of pressure vibrations can
be obtained with acceptable accuracy up to 10,OOO or
11,000 Hz with pickups 5, 6, and 7, and frequencies as
high as 26,000 Hz by admittance of greater errors within
a limited” frequency range.

If the requirement for the measurement does not
specify the use of the spark-plug hole, the welded spring
bushing could, for -instance, be mounted direct into the
wall of a combustion bomb. In that event, frequencies of
50,000 to 60,000 HZ are ~ecordable. . Since the explored
spring bushings were designed for .ingtallation in pressure

.
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pickups of’ engine cylinders, they are readily a’dapta%le
to ‘combustion bomb use- by making the %ushi’ng bottom thin-
ner and using foil for the rciddIe electrode of the quartz.
This should “raise the principal natu”ral frequency to
10’0,000 Hz.

The employed test method has proved satisfactory,
and so closes the gap heretofore existing in the correct
analysis of piezoelectric recorders, The study of pres-
sure pickup, recorder, -and accessories now permit a satis–
factory- appraisal of the oscillation characteristics of
the whole test arrangement.’

DISTURBANCE OF PIEZOELECTRIC RECORDER

RTJADINGS THROUGH MASS ~(’JRc~s

. ..

In k-he pressure measurements on engine cylinders %y
pie?oelectric recorders “the gas forces are super~osed by
disturbing mass fore-es produced by the pickup. Methods
of combatting’ these forces are degcri%ed, The elast”ic
suspension of a measuring quartz is analyz-ed; ‘heretofore ‘-
unobserved potential errors were appraised and chec!ced by’
experiment , Sugge~tions ‘for removing the sources”of
errors are outl-ined.

,. .

>. VII, P_ROBLEMS . ...-, ..,
.-.’

The aim in. engine res&arch t-o measure pressure” proc-
esses wi:ih a-“minimum o-f.inertia has b-rought about the de-
veldpm-ent” of the pi.e~-oelectric- recording method which af-
fords the corr”ec’t measurement of’ much more rapid pres-
sure c!hanges. than any ‘other known method.

“..’ .’.

Its pra”etica~ limitation is’ governed’ by the oscil-
lating properties of the piczoelectric pic!zupi Unfortu-

nately this method is affected with mass forces which, in
the piezoelectric pickup illustrated in figure 4Q, are sub-
stantially due to the mass of the pressure transmission
links ,d and b and to a lesser extent to the mass of
quarti a, Eliminating the pressure transmitting piston
d, replacing the centr,al ele”ctr’tide h by a thin foil,
and using’ smaller ,qu”artz plates’resuI.ts in a marked
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reduction bf the mass forces. At accelerations equal to
1000 times gravitational acceleration, for instance, a

&—- quartz cylinder of 6 millimeters iri-’diameter and”3 milli-

~ meters in height would produce a mass force of about 0.320
kilogram. “ Sinc9 forces acting~~ on the quartz in engine “

i!
~,

pressure measurements are usually by about two orders of
magnitude higher, the problem of mass forces would be

i largely solved if the mass of the pressure transmission
links could be eliminated. It would even afford high
natural oscillation characteristics for the pickup, since
the mass forces and oscillation characteristics are
jointly determined by the masses existent in the pickup.
Because of the thermal stress on the pickup in the engine

.- cylinder some mass, even though small, before the auartz
is unavoidable. As a result different ways of making the
mass forces, ineffective for the reading have been attempted.

VIII. CONVENTIONAL ARRANGEMENTS

WITH LOWER NASS FORCE READING

1. Use of Double System

The mass force reading can be minimized, according
to Yostlethwaite (reference 26), by the use of two sys-
tems in the pickup unit: a pressure ~ystem and a vibra-
tion system. But the second system responds only to the
accelerations, not to the gas pressure. The vibration
system is arranged to deliver an equal and opposite elec-
trical charge from that delivered by the pressure crystals.
Unfortunately, this measure results in making the pickup
fairly big and its cooling diffic~lt and probably renders
the exact balance of the systems difficult. In addition,
the second system creates a new vibration pattern.

2. Use of Balanced I?iezo with Different

Piezoelectric Modulus

Bekesy (reference 22) utilizes the relation of the
piezoelectric constant and the direction of cut of the
quartz. By appropriate choice of modulus and of the
masses of the system, a vibration unit unresponsive in
pickup axis direction can be built up with two ’auartz
crystals. According to figure 41, for instance, the



34 NACA Tec-hnical Memorandum-No.~1040

quartz masse9 ax-e identical. . The piezoelectric modulus
of the upper quartz is only a third of that of the lower,
both pi~c~s of-quartz being arranged to deliver opposite
electrical charges. Thus , the mass of the central elec-
trode is twice as great as that of the cover plate. By-
reason of the differential connection of the two quartz
crystals, the sensitivity drope to one-third of that of
the conventional auartz arrangement, for which the in-
s en sitivity is exchanged for reduced vibrations.

3. Elastic Suspension of Quartz 7

Lastly, there are the attempts hy l?ahrentholz”, Kluge,
and Linckh (reference 23) to minimize or suppress the ef-
fect of the-mass forces above a specified frequency %y
elastic suspension of the quartz. In the diagrammatic
sketch of the pickup (fig. ’42) one quartz is suspended
between two flat springs which maintain the quartz simul-
taneously under initial tension, the upper one serving as
tapping electrode for the auartz charge and being there-
fore highly insulated. The quartz surfaces are curved,

Because of its simplicity, this arrangement is
studied in detail.

IX’.

A

a

b

c

F

f

f~ ..4

‘THEORETICAL ANALYSIS

03’ QUARTZ BETWEEN
.,

OF THE ELASTIC SUSPENSION

TWO FLAT SPRINGS . ‘

Notation

proportional factor (v/kg)

motion amplitude (cm)

acceleration (cm/s2)

elasticity “(kg/cm)

surface (cm2) ~

frequency (Hz ) ~
.. ..

natural oscillation characteristics -(Hz)

_— .. . ..-.—- . ..- --- ----- . .. . . . . .. . ....---- —
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m mass (k-$ s2 /cm)

P force’- (kg)

P pressure (kg/cm2 )

x deflection (cm)

Xa deflection of mass ma (cm)

lu angular frequency = 2?lf (1/s)

1. Natural Vibration Characteristics and Mass Forces

What is the conduct of this system re~at.ive to its
natural vibration characteristics, the mass-force indica-
tion, and the gas-pressure reading? As to the first, the
resonance curve of the system is largely informative. In
order that the static c~libration retain its validity at
high frequencies a~ well, the resonance curve must mani-
fest no marked Fle>artures thro-.rhout thp entire frea.uency
range concerned., Resonance cuuve and static-calibration
curve should retain. validity ev?n for simultaneous ap-
pearance of gas pressure and mfiss forces. Information
concerning the resonance curve can be obtained by first
attempting to establish the n~.tural vibration characteris-
tics of the system. The system indicated in figure 42
can vibrate preferably in two natural vibration modes.
In the first mode the flat springs lying against the
quartz execute opposite motions; in the second, quartz
and flat springs vibrate synonymously against the casing.
The natural vibration ~ha~racteristics fl of the first
which is relatively high depends upon the s~ring mass,
the size of the quartz, and the properties of the contact
surfaces. Since the masses of the flat springs load the
quartz, fl is situated. correspondingly lower than the

natural vibration characteristics of the qu’artz al@ne.
Several hundred thousand vibrations per second should be
attainable.

The vibration characteristic fz of the second mode,
indicated in figure 43 by the mechanical substitute pat-
tern of this mode, is defined in the sum mz of quartz

masses ‘Q and flat spring masses mF and , in addition,

by the elasticity c1 and C2 of both springs relative

to the casing mass mG$ which may be assumed to be very

great . It is to be noted that c1 and C2 represent the
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concentrated forces that effectuate a d’eflect-ion of 1
centimeter. It is expedient to visualize these deflec-
tions as leing so small at first that the elasticity
values may be considered constant. By major deflections,
whether due to mass forces or gas forces or both, this is,
of course, no longer -permissible. The fa of two flat
springs 0,2 millimeter in thickness and 8-millimeters
in diameter and a 3- by 6-millimeter quartz amounts to
several thousand vibrations per second, More flexible
springs would put f2 lower but, at the same tim~, would
also lower the pressure-recording rangf’ for reasons of
strength.

The effect of vibrations of the piezoelectric pick-
up on the tension at the quartz, that is, on the reading
of- the instrument, is analyzed first.

If the casing mass mG of the substitute vibration
system indicated in figure 43 executes vibrations under
the effect of acceleration alternations of amplitude b,
of f~eouency 5? and amplitude a, the deflection ‘a
of mass rng, with dam~ing’ discounted, is:

.,-. . . . .,
,...,..

.daxa - -,.

+ -C(xa -
‘z dt~ asinwt)’=o (33)

After the transitory state a simpl~ calculation
gives the amplitude of spring travel x = Xa - a of

spring c with c/m2 = &122 at

and the mass force amplitude of mass m2 at
. .

(35)

If the static calibration is to be used for the vi-

bration measurements, the operating frequency of the
piezoelectric pickup of figure 40 must, because of the

—
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i,
1.

departure indicated in figure 44, remain small compared
to the lowest natural vibratibn characteristic of the
resonan-ce-’curve; - Accordingly, as” mentioned above, the
lowe~t natural Yibration characteristic Is preferably
shifted upward as much as possible, For that very reason,
the occurring acceleration freo.uencies themselves will
ordinarily. be small @ompared t,o the lowest natural Vi- .
b~wti.on characteristic. In this event the mass force in
the.quartz. is, according to ea-uation (35), without al-
lowance for the masses of the piston and the electrodes:

-mb
‘Q= Q

..-

(36)

But ; if” the natural vibration frequency of the second
type of vibration system of figure 42 can be made small
relative to the freouency f of the exciting accelera-
tion, as obtainable by flexible mounting, we get

(37)

that is, the mass force in the quartz is reduced in the
ratio (-f~/f)2-. Furthermore, appropriate choice of “size
of flat springs makes it pos~ibl”e to”keep the mass force
of the quartz,, which itself is small compared to t-he gas
forces, piezoelectrically ineffective (reference 23).
The -potential difference UQ produced %y it ‘at the small

deflection x is “proportional to the amount X(C2 - cl).
According to equation (35)we get

. . .
P2

x _JsL_I=— _
c cl + Ca

with “C‘=,c1 + c=, hence the difference in potential

--—-. ,.-.— —.,.-..-.. ,, . .,.,..., - ---- .,...,,,..,,,...- -,,,, ...... . .,,,,,.-,.,.—- --,, ,... --- ,,.-. —.- . - ,. ..... . —-..,
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‘()cl.“, 1 --—
C2

wher’e “for’abbrev-iati”on’
.-.

()

= ‘m~. pnd “A i-ndicates

l+%

a constant denoting the ‘relati’on ””betw’een potential and
force. “ UQ ‘ become-s ~zero when ‘mm =’“.0, that-’is, cl= c2.

In that event “th’emiss f,o-rce”of the aU&tz is not included

in the mess-hrement. In relation with the freauency f of
the exciting casing vibration the results are:

Within range f<f~ the mass force of the quartz is
fully effective.

Within range f>fz it is reduced in the ratio.

. .

‘J’ithin range f ~ fa it increases correspondingly

to the departure at resonance of the system.

In all cases including that of resonance f2 it
will not be indicated if Cl = C2.

The next problem is to establish “the extent to which
the. condition c1 = C2 or cl/c2 = 1 can be satisfied

by an arrangement as indicated in figure 42. The vigor-

ous mathematical solution of the spring characteristics
seems scarcely feasible, since the calculation of a flat

spring rigidly clamped on the ‘edge a.rrdloaded on one side
under gas pressure, on the other by a concentrated force,
is unknown so far. But in order to gain some insight
into the possible aspect of similar spring characteristics,
some simplifying assumptions - to be checked experimental-
ly as to their reliability’ - are made.

It is presumed that, bo,th flat springs have identical
spring characteristics, as heretofore always tacitly as-
sumed in the literature. It is further assumed that the
two springs are identically stressed by uniformly dis-
tributed load, since this case of the clamped circular
plate with great deflection is adequately covered by .
empirically proved approximate formulas (refer~nce 25).

——... . . --- . ..... . . . . .. . . . .. ... ... . .. . . . .--—.
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The example serving as basis of the present appraisal
relates to two flat s.pri.ngs of 0.2 millimeter in thickness
and, 8 millimeters in free diameter %etween which a 3-milli-
meter-thick quartz with curved surfaces is clam~ed under
9 kilograms of initial tension. The pressure relation with
the contact surfaces created by the curvature of the sur-
faces is not considered.

Figure 45 shows the characteristics of the twO flat
springs thus computed, x being the deflection of the
quartz from rest position. Since the quartz must be
maintained under initial tension, the flat springs are.
bent along different directions in the undpflected state
of the system.

This explains why the lower spring under 10ad from
below can become more flexible, while the upper becomes
definitely stiffer. The spring characteristics of fig-
ure 45 afford the elasticity va,llles of figure 46, which
agree with reality as will be shown later. Herefrom it
may be concluded that the refiding of the mass force is
not suppressed at great deflections, because mm = O
only by identically great elasticiti?~.

2. Gas Pressures

St;rict.ly speaking, the external force produced by ‘
the pre”ssu,re. p is evenly distributed over the entire
lower flat spring. A certain portion is absorbed %y the
restraint, while a much smaller,portion is tt-ansmitted to
the upper flat spring by $he quartz located behind it.
Since this portion acts as a concentrated force On the
upper flat spring, the,present loading condition of ‘the
upper spring is, the same as.previously for the mass force.
The transmitted and hence indicated portion of the force
is

Pa = C2 x ‘ (39)

If the load on the lower flat spring ~F~ere a very
small concentrated load rather than t“he llnifatirnly dis-
tributed lo..ad, about ha,lf of “it would be taken up by each
of t-he two identical springs. This had been ttie general. “as-
sumption in the theoretical treatment of thp elastic suspen-
sion of a auar%z” under “spy gas’ pressure’ (rffer~nce 24). But
in reality, the portion taken up by the second sQring is
much less than half the product of the force from spring
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surface ‘“-Ff :and pressure p. Consequefi~ly ’it is pOs -
sible “to assign -a-utilizat iofi factor ‘.,. , ~ expressed by

According to equation (39), the portion Pa of the

force is not affe,;led “by the nonlinearity of the spring
characteristic:., h+~.ce l.he st’atic pickup characteristic
itself is nonlinee.r at greater. deflect.ions.

x. EXPERIME3TTS

As a check en these ar,gurnenf,s, experime’lts- l’~eremade
for the purpose of d.eflning the spiing characteristics
and the relative el.asiicity valuas of a system conformable
to figure 42. Jn.this experimefital setup th& quartz ele-
ment was replaeed by an idkntica.l -lens-shaped steel ele-
ment. The exper,imen~s with unifo~mly distributed load
were made by means. of oil pressure-and recorded %y a ma-
nometer calibrated by weight loading on a pressure bal-
ance. The deflections were obtained on a dial micrometer
with an indication of 1./100. millimeter per scale division.
The concentrated load was applied over the lens-shaped
stee,l element of a 15-millimeter curvature radius by bal-
ance pan and weights to avoid frictional errors. The
setup enabled the recording of the spring characteristics
of the entire system under. hydrostatic pressure, the
characteristic .of the lower-flat-spring under combined
hydrostatic pressure and concentrated load, and the char-
acteristic of the upper spring under concentrated load.
And from these,data the quantities necessary for apprais–
ing the system can be obtained. The particular system
consisted of two spring-steel plates of 0.213 millimeter
in thickness and 8 millimeters in free diameter and the
lens-shaped steel element with curved surfaces of 6 milli-
meters in diameter and 2.978 millimeters in thickness.
The tests were made with two different initial tensions,
both of which were substantially below that assumed in
the appraisal for’ r.easons of clarity. The initial ten-

sions were 2.15 and 5.40 kilograms obtained by shims of
different thickness placed between the flat springs of
2.902 and 2.800 millimeters in thickness, respectively.
Shims and damping rings:-consiste’d of smoothly ground
steel wae.he~s o“f 15.5 millimeters outside diameter like
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the spring” steel p-lates. The spring characteristics were
-- plotted from averages at increasing and-decreasing load,

which usually varied ly les~ “than 3 percent and were ‘
I readily reproducible. Zt is therefore not very likely
~, that the yield -point had been reached. The various ex-

i’
perimental equipment is illustrated in figures .47, 48,
and 49.

Yigure 50 shows the recorded deflections. x of the
total system for the two initial tensions; the stiffness
is, of course, greater ly greater initial tension as, may
be expected.

Yigure 51 (solid curve~) ind-icate~ the deflections
x of the bottom spring under combined hydrostatic pres-
sure P on one side, and concentrated load P on the
other .side, with p as parameter. The lines of higher
pressure manifest opposite curvatqre to that of the
lower pressure. The dot-and-dash curve indicates the ‘
deflections x of the top spring F2 under concentrated
load.

I?rom these curves the desired quantities: elasticity
values c1 and C2, the force Pa acting on the quartz,

and the consequent values (-r>a~nd ‘P in relation to

the deflection or the outside prpssure can be obtained,
as exemplified in figures 52, 53, and 54; ,the deflection
force Pa of the top spring being computed with allow-

ance for the known initial stress.

‘ XI. RESULTS AND .CONCLUSIONS

The experiments indicated .that the requirement
cl/c2 = 1 so important for the %alance of the mass forces,
is only approximately fulfilled within a very restricted
range. The curve of the elasticity data (fig. 52) is
somewhat different froz; that of the ~stim~tion (fig. 46),
which is evidently because of the simplifying assumptions.
The numerical data are markedly different’, but the ratio
cl/02 is little affected by. it. While the elasticity
data are identical” for all deflections at zero pre-tension
according to the estimation, the test showed’tha.t it is
actually not permissible even without pre-tension to make
calculations under the assumption that c1 = C2 in the
deflected state unless special measures are taken. Both
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springs wau-,~d haveto be released f.rQm the initial ten-
sion ,and preferably be subjected to concentrated 10ad.. -.
In that event it can le. expected that the mass force is-
not i-ndi-cated at any deflection. On,differently loaded
flat- springs urn- is zero only in the rest positionj- but-

mass ‘forces are ifidicated by-deflections. In the model
problem at vibrations eo.ual to 1000 times gravitational
accelerations, as may happen on a detonating engine, the
mass-force reading due to Quartz mass at 40 atmospheric
gas pressure and 2.15-kilogram pre-tension will, accord-
ing to the test data, amount to about 0.022 kilogram
below f~, since % = 10 percent according to figure

54. In contrast, the reading due to gas pressure is.2.8
kilograms (fig. 53), that is, at an exceptionally high
acceleration the mass-force reading amounts to less than
0.8 percent; and at lower pressures it is even less.
Consequently the mass-force reading by the described ar-
rangement is small even with incomplete balancing action.
Not until other masses, such as that of a pressure trans-
mission link, become additive does the interference in-
crease. This particular case is being dealt with else-
where.

I?rom the magnitude of the pressure-force factor ~

(fig. 54) it is apparent that the partial force Pa ap-

plied on the quartz is considerably less than half of the
total pressure force. It does not remain proportionate
to the pressure at greater deflections. This tkgether

with the relation of cl/c2 to the deflection causes the
static characteristics of the measuring system to become
nonlinear .in our example, as reflected on the thin
straight lines of figure 53. In that manner, higher
harmonics are induced in the output distribution ly sinus-
oidal pressure alternations. According to the experimen-
tal data the output controz at the smaller pre-tension
should therefore not be permitted to take place at much
over 20 atmospheres.

If the pressure acting on the measuring system with
natural frequency f2 is, instead of constant, a period-
ically variable pressure force ‘1? = Ppo sin wt with

constant amplitude at variable freouency ‘fl,’ the deflec-
tion x of the auartz from rest position follows a res-
onance curve conformable to figure 55 which, ,with damp-
ing and nonlinear effects discounted, follows from
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- . . .. -d2x
‘a ~ ‘cx=ppo si’n. it . (40). .

I
.,-

1
,,

(I
.. ,.

k c

/ whence we get after the transitory state, with — = UJ22:
m.z,,, ..-

1. . x = X. —“”

()
(41)

. . 1-~=
. . q

where X. is the static defl.ectiou.

In the’ resonant zone f z f~ the nonlin6ar properties

of the spring ‘~haracteristics are especially effective by
reason of the anticipated very great deflections attending
the resonance d~parture by factor p. In this instance,
the mass-force reading would be especially pronounced and
the test data would be accompanied by frea_uencies not con-
tained in the instrumental ouantity. In order, therefore,
to minimize the nonlinear effects in the zone of resonance,
the measuring range outside of th~ re=onance should be
restricted to abdut the oth part of the approximately
linear section of the characteristics, since in most al-
ternating pressure measuremant~, for instance, on engines,
a range of fre~uencies which may contain the relatively
low frea_uency f2 must be ‘consid.ere’d. ‘The result may be
a very restricted pressure-recording zone free from dis-
tortion. The nonlinear characteristics are especially un-
wanted in,gas-pressure measurements becau~e the gas pres~

: sure is usually Superimposed hy a constant ,pressure por-
tion which shifts the operating point~ even further into”’f

~ the nonlinear zone. ,“

~
,

\u

/

Accordin& to figure 55, the deflection above the res-:,
z onance frequency fa drops a-uickl;~ below the static fre-
.)

quency and the ouestion,6 is how low it can sink at all and

If
still assume a.correct reading. Above fz the driving
force, in’this case supplied by the gas pressure p, is

I
* largelY utilized to accelerate the masses of the system,

while beloti fa
;1

it previously strained t’ne springs. “
Firstly,., it is noted that above f* as a result of the

,
i decreasing deflections the non~i~ear properties of the
/

springs recede, as a result of which high-frequency mass
forces are much better removed than low-freauency ones. .

.

—- .- --- -_—.— ——-.—— ——.—. ..— - —-.
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Then , in order that the reading of p a’bOv e f~ is not
falsified, the masses of the flat springs must be in the
same mutual ratio as t:hat of the elasticities, previously.
The reading then will be oorrect so long as the deflection

remains great in proportion to the compression of the
quartz and t“o the ‘sur”face layers.- This ceas~s to hold oh
approaching the natural vi%ration frenuency fl.

SO for a pickup conformable to figure 42 the follow-
ing is applicable: a complete suppression of indication
of the mass force is secured when the control of the out-
put is restricted to the zone in which the elasticity
values of the two springs are practically in agreement.
The Quantity p sin Wt in the neighborhood of the res-
onance f=f~ is reproduced without distortion when the
deflection at frequencies outside of the resonance is re-
stricted to the pth part of the linear section of the
static-pressure pickup characteristics, because this iS
the only instance where, even by re~ona.nce, the linear
part of the ~haracteristic can be adhered to. l~oreover~ ,
since mild flat springs are desirable for reasons Of
lower mass forces, the design of figure 42. is particularly
suitable f~r low pressures. Heavier springs may enlarge
the linear zone in a given case, but without changing
anything in the nature of the phenomenon, . 3es.ifies, .f~

would then he located undesirably high,

... .- .,.
.-..

.; . X1.1. SU~PLEitil!NTARY l~ASSES -

‘The-elastic suspension of the auartz between two
flat springs presupposes the measuring system not to be
subjected to high temperatures. This ruleq out the de–

scribed arrangement for use in the cylinder wall of an
engine, since the hot combustion gases would change the
spring characteristics completely. It was suggested,
therefore, to use a p-ressure-tran~missi on piston mk

again and to ~oualize its mass forces by dissimilar
spring stiffness, fig~~e 56 (reference 24), But in that
event the a.lready- existing vibration possibilitie~ would

be sup:olemented by the longitudinal vibration of the
piston with the freauency f~ of the first harmonic.

This natural vibration freauency provides tha,t its wave
length must be comparable with the length of the piston,
For steel a 30-millimeter piston length would yield f~

at-about 4~ kHz. However, these freauencie~ are- not re-
moved by the elastic suspension but must be considered as
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natural vi%ration frequencies of the sys”tem. Natural fre-
.a quencies -of t-his. order of magnitude are obtainable with

rigid thrust block as well, if care is used, as curve b in
) figure 44 indicates, except that with a rigid thrust block\I no exclusion of the mass forces is possible even at low’L

frequencies.
i

In order to remove the mass fOrCe pk of the piston

mass mk of the type indicated in figure 17 at low-vibra-

tion frequencies, it was again suggested (reference 24) to
select di~similar flat springs, preferably so that. ,the
conditions

are satisfied, Then

c1 2 P-K + P
2 2 m> + ma

—. — —— c —..-_—— (42)
c~ PJ “a

NOW the bottom spring is muca h?airjer than the one on top
and tb.e sensitivity of the prescuxe pickup ruch lower.
To illustrate: on a 6-millimeter-tqi ck piston 30-milli-
meters long and a quartz of 7 millimeters in diameter and
5 millimeters high, little less than 3 Fercent of the
total pressure for,ce is transferred to the quartz. This
necessitates an exceptionally high amplification of”the
measuring effect in order to obtain the deflection volt-
age required for the control of the output of an electron-
ray oscillograph. This shortcoming can be avoided, accord-
ing to the same su’g’gestion, by dispo-sing a mass ma equal

to the piston’~ass mk behind the quartz conformable to

figure 57. But this produces a further natural vibratiofi
at which masses mk and ma vibrate oppositely, while

the Quartz and the not completely fitting contact surfaces
form the spring link. The natural freouency f4’ of th’is

system is”fairly low since ~.uartz and metallic surfaces,
even with the highest polish, do not fit perfectly with-
out very high mechanical tnitial tensions,, and therefore
represent relatively mild springs (reference 1’7). And.
high initial tension is not permissible, as shown else=
where, because of the nonlinear spring characteristics,



since it shifts the op~rating pdints tob far i“nto the non-
linear zone, with t-lie-result that the natural frea.uency of

a pickup conformable. tb figure 57 may be lower than ob-
tained with a rigid thrust block, where high “initial ten-
sions up to 100 kilograms or more are admissible and com-
mon. The arguments for the correct reproduction of p sin
Wt are similar to those advanced for the arrangement in
figure 42.

Through the pressure transmitting piston and its
eciualizing mass the mass forces to which the springs are
subjected beoome particularly great when piston, quartz,
and balancing mass vibrate synonymously against the cas-
ing conformable to the natural frenuency fa of the

pressure pickup of figure 42. TO illustrate: for a steel
piston of 6 millimeters i; diameter and 30 millimeters in
length and providpd with compensating mass, the weight on
the flat springs is about 13,5 grams. At vibrations
equal to 1000 time~ the gravitational acceleration the
springs would be additionally loaded by 13.5 kilograms
and, in addition, by the stress due to the gas pressure.
If the excitation is by means of vibration fre~uencies
at the corresponding resonance freouency fa, the load
becomes even greater because of the rise a%ove resonance,
of which then, becauee of the dissimilar elasticities at
great deflections, a fraction am is indicated. In this

instance, the initial stress through the suspension
springs is especially unfavorable.

XIII. ‘ SUGGE’STIOIJS FOR AVOIDING lTONLINEAR DISTURBANCES

The nonlinear disturbances of the reading by the
pickup characteristic and tile mass. forces at great de-
flections are .attributab~e tQ the mechanical initial ten-
sion on nonlinear flat sprlng~ and to the ‘variation of
the ratio of the pressure force” portion Pa reaching “

the quartz to the total pressure force Ffp at variable

pr~ssure.

‘l?hefirst cauee can be removed by using springs with
linear characteristics and leaving the initial tension’to
the “springs, or else re~ort to nonlinear springs of ident-
ical characteristics and transmit the initial tensipn of
a special pretension device, The latter can be accom-
plished, for instance, by-a tension spring conformable to

, 11,-
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figure 58, which either passes through the auartz or, as
m. in figure 59, on the sides of the quartz or arranged in

rings about the quartz to form a tubular spring around
the quartz, which also makes water-cooling possible. It
might even be appropriate to use two quartz in the con-
ventional manner with a small central electrode, This
would, while lowering the na,tural vibration frequency,
make the. design of the measuring system substantially
simpler. But frequencies above 100 kHz might still be-
unattainable, according to experiments.

:.
The second cause is probably best. avoided by keep-

ing the bottom spring free from the uniforl~l: distributed
stress and attempting the use of a gas.-.selin~n~ membrane
conformable to figure 59, which leaves only a very minute
clearance between the pickup casing and the rigid pres-
sure surface of the measuring unit so that the effective
pres,sure surface remains the same at all pressures. .
These measures appear to enable the d~sign of a pressure
pickup for use on engine cylinders that combines ample
$n”sensitivity to vibrations in pickup axis direction with
high natural vibration freouency. .,

. . .,
XIV. CONCLUSIGNS

,,.

of the Conventional methods for suppressing. the mass
forces in piezoelectric-pickup readings the elastic SUS-
pensip.n seems to be the simplest. But the.usual pickups
with flat–spring suspension, when the springs are used at
the same time for the mechanical pre-tension of the
quartz, invites the danger of disturbances on account of. .
the nonlinearity characteristics of the springs at con-
ditions encountered in engine cylinders. At the same
time, measures are necessary to make the magnitude of the
effective part of the pressure-absorbing surface of the
pickup independent of the pres=ure. The naturalv ibra-
tion frequencies of pickups with pressure-transmitt ing
pistons are dependent on the piston size and arrangement
even by elastic suspension of the mea~uring unit. The
initial tension of the Quartz due to the suspension .
springs is particularly unfavora’ole on such pickups be-
cause of the greater masses involved. Suggestions for
the removal of the described disturbances are indicated.

.,

!’I Translation by J., Vanier,
iyt
~’! National Advisory ~ommittee

I

for Aeronautics.
,,

—
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Figure l.- Ori.ntation of the
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the crystal.

100
$

a 60

~
20
Q

240

t%-~ 100
0
A*
o 60
2%
;~

o 246 8 Z3Z1C)
Frequency f

)(103
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c—-natural oscillation character-
istics iilair 10000 H2.
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bands. a. F static defection.
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Figure 3.- Coordinate
distortion

of fluorescent screen of
a commercial engine indicator.
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Figure 8.– Free oscillation
curve of pickup

of fig. u.

Figure 15.– Steel plate with test
electrode and support.
a, Steel plate
b, Cylinder with electrode
c, support
d, Piezoelectric pickup

:;
c.
d.

Steel plate as in fig.19
Mass
Locking ring
Adjusting spindles

Figure 20.– Mass of about 3.6 kg divided over locking ring
with three adjusting splndles~

I
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Figure 5.–

[
?L?i7

Commercial piezoelectricpickup
with,subdivided gas passage. .
a? Spark plug thread
b, Gas passages
CS.Resonatorspace
d;
e,
f,
g?
h,.

::
1,
m?

Gas sealing-membrane
Pressure transmittingplunger
Quartz
Central electrode
Thrust block
Spring bushing
Heavily insulated contact pin
Cooling water tube
Casing

Figure 6.– Meurer type pickup (our own
manufacture).

Spark pl~ thread
Gas passage
Gas sealing membrane
Quartz
Central electrode
Thrust block
Spring bushing
Heavily insulated contact
pin
Oooling water tube
casing

[
1(??I

d
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Impact mass ,Inl

Oscillator mass m2

Figure 7.-

mass m~ to
ml plotted
masses.

Figs. 7,9,10
.,

Ratio of oscillation mergy Es
transmitted to an oscillator
drop energy II.of impact mass
against the ratio of both

Figure 9.- Simplified substitute view of
piczo-electric pickup.

FigurQ 10.-Resonancc uurves com utcd~rcvoer$in to c uation 12.
I?Curve a fl= 8,600 z %1= %OOHZ

f~=l~,200 Hz f2=50,000 Hz
~;=wL -6

kg s2/cm
N21=1:100

m2=16,3”10 m2=10-6kgs2/cm
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Figs. 11,12,15,16,17,18

Buzzer with variable
frequency f
Pressure pick~p
Condenser microphone
Sound pressure meter
Voltmeter

1– . Sound pressure
Figure ll.– Experimental sound p’refisureme%er setup.

I
Figure 12.— Old piezoelectric pickup. model A.

a, Quartz
b, Central electrode
c, Gas sealing membrane and pre-

tension spring
d, Pressure transmittingpiston
e, Casing
T9 Spark plug thread
g, Thrust block

Figwe 15.–

a)

Modified test method.

b)

~o

m

R ~’

[$ -
0

Figure 17.– Substitute diagrams
for fig. 15.

I

Figure 16.– Hookup
for

fig. 15.

a.
d

+4oy ●7’mv *2UOV .760V

Figure 18.— Wiring diagram of amplitude recorder.
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Frequency f

Pigure 13.-Resonancecurveofpickupof figure12 recordedwithsound
pressuremeter.Pic’lr=pandcondensermicrophonespaced

56mm apart:pickupflexiblysupported.

,A=$$1::‘-+-t+ -l--j
p --+-+--: : -
.2-\’l – -l–..-___.1

‘—___

Figure 14.- Resonance curve of pickup of figure 12 recorded with sound
pressure meter. Pickup scrmed in steel plate.

Curve a Dis~ance 100 mm
.,

Curve b Distance 120 mm
Ourve c Distance 140 mm

I
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Figur8 21.— Experimental layout-

d,

e,
f,
69

Buzzer
Booster amplifier stage
Steel nlate with electrode
and support
Amplitude recorder
Reading instrument
Power supply
Eleotrostatlc voltage

a b o d e f 6

Figure 25 r IIxperLmental specimens.

indioator

h I

Pressure pickup mode1 A
PreSSUre DiCkUD model B
Pressure ~ioku~ Meurer-(special design]
Piezoelectric pickup with pre–tension
fl.atspring
Plezoeleotric pickup. special design
with weLied spring bushing
Piezoelectric piokup. special design
with threaded bushi~
Piezoeleotric piokup. speoial design
with bottom cap
Welded and threaded spring bushing
Spark plug 14 x 1.25 mm (oonstrast of
size)
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J

Figure 22.— Calibration Figure 23.– Frequencies of
hookup for amplitude recorder

amplitude recorder. at three different amplitudes
a. b. c.

O 20 $Va M 8:kf70L?

Fig-ure 24.– Calibration curves for amplitude
recozder.

a l=zkHZ
b j=lOkHz
C f=100kHz

a, Spark plug thread
b, Pressure transmitting

pistoa
c, Gas sealing membrane
d, Pre–tension flat spring
e, Quartz
f, Thrust block
g~ Highly insulated contact

pin
h, Cooling water tube
i, Casing

Figure 26.— Pickup with pre-tension flat
spring (special design).

[
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... .. . . .-..———— —
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[
rem

Figure 28.–

bushing and

A

q)—.—

Figure 27.— Pickup, special design, welded
spring bushing.
a, Spark plug thread
b, Spring bushing
c,
d,
e,

Quartz
Central electrode
Thrust block, welded into
spring bushing
Heavily insulated contact
pin
Thumb screw
Cooling water
Casing

Pickup, special design,
with threaded spring
bottom cap.
a,
b,

c,
d,
e,
f,

g?

h,

i,
k,
1,
m~

B,

Spark ~lu~ thread
Bottom screw, gas
sealing membrane welded
Bottom cap
Spring bushing
Quartz
Central electrode
Thrust block, screwed in
spring bushing
Heavily insulated
contact pin
Thumb screw
Cooling water tube
Cooling water chamber
Casing

tube

I

$j[m Figure 29.- Spring bushings of pickups
of special desire.

al

[
7077

i
A, Welded -
B,
a,
b,
c,
d.
e,
f,

i3P

Threaded
Bushing bottom
Aluminum leaf
Pressed-in electrode
Quartz
Central electrode
Heavily insulated
contact pin
Thrust block
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0= 20 w fm m kffz w

Figure 30.- Resonance curves of
a, Without

pickup fig. 12, model A.
b, With mass

II
I25

a)
20

75

5=
70

5

Figure 31.– Magnified section of fig. 30, showing test
points.

80 1

~ 60 d

z +0

20 /

20
&
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Figure 32.— Resonance curves of pickup, model B.
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49 “ II I
20 ~I A

(/~A
0 20 w

J&
60 knz m

o 20 w

Figure 33.- Resonanoe curves of pickup, Meurer type.
aq With mass
b, With mass and additional mass before quartz.

8
=6 I\
T=+

2 ilk
+’ - L~

u 20 w
f $-0 M kh 74W

Fiwe 34.- Resonance curve of pickup witilpre-tension
flat spring, with mass.

Figure 35.- Resonanoe curves
welded bushing.
a, With mass
b, With mass and

of pickup of special design,

enlarged plug mass
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J

Figure 36.- Resonance curves or pickup of special design
with screwed on bushing, without mass.
a, Plug pin uncoupled
b, Plug pin solidly connected

X7
x 20

[ I 1. I I ! I I
z.70 A

I I I If? 2(9 w f 60 80 kffz 700

=20
=fa70 1 I

--’ii~
I I I I

1
u 20 90 f 60 80 M? 700

J

I I I I I—. — —— .
-/PGA.~ {

0 20 w
f

60 80 M Wo

FiWe 37.- Resonanoe curves of pickup of special design
with screwed on bushing.
a, Mass of 3.6 kg
b, Mass of 0.73 kg
c, Mass of 0.73 kg plus enlarged plug mass
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Figure 38.– Resonance curves of pickup, special design,
screwed on spring bushing with bottom cap.
a? With mass, iron-asbestoswasher
b, With mass, aluminum washer
c, With mass, iron-asbestoswasher and

additional mass before Quartz

z=–- I I I I I I I /l\ d 1 I I
70 I I I i I I ll\ H [

1 I
o B w

fm
Jo M? m

30r~ W I 1 I r 1 h 1 1 1 I

Five 39. Resonance curves of spring bushings.
a, Welded
b, Screwed on }

according to fig. 29

IL
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quartz-crystals
central electrode
pre-tension spring
pressure trans
mitting piston
casing
spark plug thread
thrust block

Figure 40.- Pressure
pickup-

old model.

Figure 42.- Pressure pickup
with quartz

suspended under initial
tension between two flat
springs F1 and F2.

a, quartz
b, central electrode
c, cover Plate
d; casing-
e, closing foil

Figure 41.- Pressure
pickup

with quartz of dif-
ferent piezo-electric
modulus used for
acoustic measurements.

Ib

T
q

asmut
mG, casing mass —— ——
m2, mass of quartz T“

and springs C*C,Pc=

t
Figure 43.- Substitute mm ~.vnwt layout of ml

– #a

pickup, figure 42.

*2O a]
&

a, Old

Figure 44.

mode1 b, new model

Resonance curves of piezoelectric pickup with rigid
thrust block.
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Fi.gso 45,46, EC),51L

Deflection,x Deflection,x

Figure 45.. Computed spring character- Figure 46.. Computed elasticity
istic

pickup,~igure 3.
of F1 and F2 of

Pressure,p

Figure50.- Exprimcntal dcfloction
x of system.F1+F2 ~dcr

variable prassuro p at two diffcrci~t
,>, initial tensions .of ~AlcsPrings=

values cl,cz of springs

Fl,rz of picLwp of Fib-e 3 for
different deflection x.

I&drostatic pressure
7-r-.–-—- 0--- L--l-...

x
$
+ o
*
o

:

%-50
la

-1oo

-1’OJ--A----4-!,;!0
Concentrated force,P -

FigurC51..%qxximcntallydefined
deflectionx ofbottom

springF1 undervaria~leconcentrated
loadP fromaboveat differentloads
withmoderatohydrostaticpressurey
frombelow.The-c-urve represents
‘theexperimentallydefineddeflection
x of the top spring F2 under various
concentrated loads P from below.
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a, lens shaped steel
elemerAt

b, spacer
c,d~ clamping rings
e, pressure screw
f, feeler
g, dial gauge
h, threaded nipple

for oil pressure
head

Fl,F2,spring steel
shim

I Figure 47.- Experimental
\:\
It

setup for
,,
$) loading the measuring

i

} system with oil pressure.
}“

F@. 47,48,49

I

Figure 48.-
Simultanious
loading of
bottom spring
Fl,by Oil
pressure p
from below and
concentrated
load P from
above.

Figure 49.-
Loading of
top spring
F2 under
concentrated
load P.

k)
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Figure 52,-

r —..-t--–—--i__..-..~‘- t=4 !
—..——

0 20 LO —–—&o—mii--T3o
Frcssurc,p

Figs. 52,53

Experimental clasticity values cl,c2 of springs I?1,F2 at 2.15

and 5.4 kg initial tension.
— — .

Figure 53.- Portion of forc~ Pa hxiicate~ by qqartz undcp variable
ppssure p at 2.15and5.4kg initzaltension.
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20 lo 60 W-atl.; 1

Prcssurc, p

Figure 54.. Mass force factor %2 and pressure force factor ~, determined
fron Vac c:i~cri:-lcntalV21UUS at 2.15 and 5.4 kg initial

tension.

/-o of quartz at variallc prassureFigure 55,- Ratio of deflection x x
frequency f X. static doflcction; (substitute diagram ~).
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a, quartz .

Fl,F~, flat springs

Figure 56.- Quartz with elastic suspension
and pressure transmitting

piston mk.

I~ psklwt

Figure 57.- Same as figure 56,but supplemented
by balancing mass ma.

-1 p.vnwt

c,
d,
e,

f,

a, quartz
b, tension spring
F1,F2, flat springs

Figure 58.- Arrangement of
supplementary

pre-tension device for
relieving flat springs

quartz
tubular spring,
water cooled
pressure linkage
oounter mass
flexible gas
sealing membrane

cooling water
chamber

- [phiwt

Figure 59.- Avoidance of
F1,F2, unloaded flat pressure re-

springs lation by gas sealing
membrane with minimum
annular clearance.
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